J Wood Sci (2009) 55:409-416 
DOI 10.1007/sl0086-009-1049-x 


© The Japan Wood Research Society 2009 


ORIGINAL ARTICLE 


Noritsugu Terashima • Kohei Kitano • Miho Kojima 
Masato Yoshida • Hiroyuki Yamamoto • Ulla Westermark 

Nanostructural assembly of cellulose, hemicellulose, and lignin in the 
middle layer of secondary wall of ginkgo tracheid 


Received: May 28, 2009 / Accepted: June 24, 2009 / Published online: September 16, 2009 


Abstract Physical, chemical, and biological properties of 
wood depend largely on the properties of cellulose, noncel- 
lulosic polysaccharides, and lignin, and their assembly mode 
in the cell wall. Information on the assembly mode in the 
main part of the ginkgo tracheid wall (middle layer of sec¬ 
ondary wall, S2) was drawn from the combined results 
obtained by physical and chemical analyses of the mechani¬ 
cally isolated S2 and by observation under scanning 
electron microscopy. A schematic model was tentatively 
proposed as a basic assembly mode of cell wall polymers in 
the softwood tracheid as follows: a bundle of cellulose 
microfibrils (CMFs) consisting of about 430 cellulose chains 
is surrounded by bead-like tubular hemicellulose-lignin 
modules (HLM), which keep the CMF bundles equidistant 
from each other. The length of one tubular module along 
the CMF bundle is about 16 ± 2 nm, and the thickness at its 
side is about 3-4 nm. In S2, hemicelluloses are distributed 
in a longitudinal direction along the CMF bundle and in 
tangential and radial directions perpendicular to the CMF 
bundle so that they are aligned in the lamellae of tangential 
and radial directions with regard to the cell wall. One HLM 
contains about 7000 C 6 -C 3 units of lignin, and 4000 hexose 
and 2000 pentose units of hemicellulose. 
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Introduction 

In the growing stems of trees, xylem cell walls are formed 
by successive deposition of pectic substances, cellulose, 
hemicellulose, and lignin. 1 Physical, chemical, and biologi¬ 
cal properties of wood depend largely on the first-order and 
higher-order structures of each cell wall component, and 
three-dimensional (3D) assembly mode of those polymers 
in the cell wall. Information on this assembly mode in 
nanoscale (nanostructure) is essential for a deeper under¬ 
standing of the unique properties of wood and for new 
developments in forestry and the forest industry, which are 
intimately related to the mitigation of global warming. 

Ginkgo (Ginkgo biloba), a so-called living fossil tree, 
retains primitive features of the tree cell wall that appeared 
in the early stages of tree evolution. Ginkgo tracheid walls 
are quite morphologically similar to those of representative 
conifers, and ginkgo does not form typical compression 
wood. 2 Ginkgo is one of the most suitable tree species for 
applying radioactive and stable isotope tracer techniques 
that provide information on the chemical structure, higher- 
order structure, and assembly process of the cell wall poly¬ 
mers during the formation of tracheid wall by nondestructive 
methods. 3,4 Normal wood of a representative conifer such 
as Japanese black pine (Pinus thunbergii) or sugi ( Crypto - 
meria japonica) has a similar nanostructural assembly of 
polymers to that of ginkgo. 5 

During biogenesis of the cell wall, a small unit of cellu¬ 
lose microfibril (CMF) is synthesized by a rosette in the 
presence of noncellulosic polysaccharides, 1 and different 
numbers of CMFs form different sizes of bundles depending 
on the noncellulosic polysaccharides that associate with the 
nascent CMF. 1,6,7 This size of CMF bundle differs greatly 
depending on the cell wall layers in the ginkgo tracheid. 6,7 
It has been observed that during the formation of the major 
part of ginkgo tracheid wall (middle layer of secondary wall: 
S2), CMF bundles coated with hemicellulose (possibly 
galactoglucomannan) are laid down slightly changing the 
orientation on the innermost surface of the tracheid fol¬ 
lowed by successive deposition of hemicellulose (possibly 
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arabino-4-O-methylglucuronoxylan) and lignin on the CMF 
bundle. ’ As a result, CMF bundles are embedded with 
lignin-carbohydrate complex (LCC) to form a composite of 
[CMF bundle + LCC]. The cross section examined under 
high resolution by field-emission scanning electron micro¬ 
scopy (FE-SEM) shows the cut ends of CMF bundles 
restrained in a slightly twisted honeycomb-like distribution 
by the LCC at equal distance from one another. The LCC 
surrounds a CMF bundle in the form of a tubular bead-like 
assembly unit “module” at a regular interval of about 16 ± 
2 nm along the CMF-bundle. 6,7 

Estimation of the sizes of the CMF bundle, the hemicel- 
lulose-lignin module (HLM), and the unit composite [CMF 
bundle + HLM] can provide valuable information on the 
assembly mode of the cell wall polymers from a quantitative 
viewpoint. However, it is difficult to estimate the width of 
a CMF bundle by observation under electron microscopy, 
because the CMF bundle is covered with associated hemi- 
cellulose at an early stage of its formation in the cell wall. 
Removal of lignin and hemicellulose causes immediate for- 
mation of very large aggregates of CMFs. ’ In addition, 
observation by electron microscopy requires specimen pre¬ 
treatments such as coating, staining, or replication that may 
cause undesirable artifacts or uncertainties. 

In the present work, the width of a CMF bundle in S2 of 
the ginkgo tracheid wall was estimated by a new approach 
in which the above problems were circumvented. This new 
approach is based on the fact that the smallest assembly unit 
of cell wall polymers in S2 can be regarded as a composite 
made of a short (16 nm long) polygonal prism of CMF 
bundles covered with a short (16 nm long) tube of HLM. If 
the volume and density of the unit composite [CMF bundle 
+ HLM], weight percent, and density of the CMF bundle 
are known, the volume percent (proportional to size) of the 
CMF can be estimated. A similar approach can be applied 
for the estimation of spaces occupied by hemicelluloses and 
lignin as well as their assembly mode in HLM. Results are 
combined in a simplified speculative view of assembly of the 
major components in S2 of gingko tracheid. 


Experimental 

Preparation of S2-rich ginkgo fiber and its 
chemical analyses 

Ginkgo wood fibers rich in S2 were collected by beating 
ginkgo wood chips in water using a British disintegrator or 
a grater and a mixer. This was followed by density separa¬ 
tion of the heavy S2-rich fiber fraction (Fig. la) from the 
light fraction rich in compound middle lamella (CML) and 
outer secondary wall (SI) (Fig. lb) that sediments slower 
than the former fraction in water. Complete removal of the 
latter fraction from S2 was difficult, and a small amount of 
the contaminant was deemed negligible in this experiment. 
Holocellulose was prepared from the S2-rich fiber by the 
Wise method, 8 and a-cellulose content was determined by 
treatment of the holocellulose with 17.5 % aqueous sodium 


hydroxide to remove hemicelluloses according to the 
methods described by Browning. 8 Lignin content was deter¬ 
mined from the ultraviolet (UV) absorbance of a solution 
of S2-rich fiber dissolved in a mixture of acetyl bromide and 
acetic acid. 9 Ginkgo milled wood lignin (MWL) was pre¬ 
pared by conventional methods and its absorptivity 
(20.09 lg 'cm 1 at 280 nm) was used for the determination. 

Determination of density 

For determination of the density, finely cut samples (about 
60 mesh) were suspended in a mixture of carbon tetrachlo¬ 
ride and dioxane by applying vibration. The density of the 
mixture kept in suspension after applying centrifugal force 
(8000 g, 5 min) was regarded as the density of the sample. 

Examination by FE-SEM 

Small blocks that included differentiating xylem were cut 
from the normal wood part of a 4-year-old growing stem of 
ginkgo in June, and fixed with 3% glutaraldehyde in 0.1 M 
phosphate buffer for 1 day followed by washing with the 
same buffer and stored in a refrigerator. At first, a tangen¬ 
tial section (about 0.5-1 mm thick, 5 mm wide, 20 mm long) 
was prepared from the xylem part, and the microfibril angle 
(MFA) of the section was determined by X-ray diffrac¬ 
tion. 10 A cross section and a radial section (about 300- 
500 pm thick x 3 mm x 3 mm) inclined at the predetermined 
MFA and [90° + MFA] respectively were prepared from the 
ginkgo xylem using a sliding microtome equipped with a 
freezing sample stage. Selective delignification was carried 
out by heating the section with sodium chlorite (15 mg/ 
section) in acetate buffer (pH 3.5, 2 mM, 1 ml) at 75°C for 
6 hours. The treatment was repeated four times, and com¬ 
plete removal of lignin was confirmed by examination of a 
epoxy resin-embedded section under an UV microscope as 
described in a previous report. 7 A section was stained with 
1% potassium permanganate in 0.1% sodium citrate 
aqueous solution for 3 min (Fig. lh). The sections were 
dehydrated in a series of graded ethanol-water solutions 
followed by freeze drying using t-butanol, and coated with 
approximately 2 nm total thickness of osmium and plati¬ 
num/palladium using an osmium coater (HPC hollow 
cathode CVD osmium coater) and an ion-sputter (Hitachi 
E-1030). These sections were examined using a FE-SEM 
(Hitachi S-4500) at an accelerating voltage of 1.5 kV and 
working distance of 3-5 mm. It was confirmed by changing 
the scanning direction that the images of fine materials 
shown in Fig. If, i, and j are not artifacts caused by scanning 
noise. 


Results and discussion 

Experimentally determined and theoretically deduced 
values are summarized with short explanations in Tables 1 
and 2. At the diagonally cut area of S2 (Fig. lc), cut ends 
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Fig. la-j. Field-emission scanning electron microscopy (FE-SEM) 
micrographs of the illustrated areas ( bottom left) of ginkgo tracheid. a 
S2-rich ginkgo fiber, b Low-density fragments rich in SI and compound 
middle lamella (CML). c Cross section cut at an inclination angle of 
30° that corresponds to microfibril angle (MFA). d Part of cross-cut S2 
perpendicular to cellulose microfibril (CMF) bundle, e Innermost 
surface of differentiating ginkgo tracheid at S2 formation stage. Small 
arrows indicate fibrillar structures forming nodes at the cross-linking 
points on the CMF bundles. Arrowheads indicate some thin branch 
CMFs liberated from CMF bundle and join another bundle, f Inner¬ 
most surface of differentiating ginkgo tracheid at S2 formation stage, 
after delignihcation treatment. Fine fibrillar structures of hemicellulose 
are cross-linking the CMF bundles {small arrows), g Radial plane par¬ 


allel to CMF bundle at an early stage of S2 formation. Small arrows 
indicate fibrillar structures cross-linking the CMF bundles with nodes 
on them, h Radial plane parallel to CMF bundle at a later stage of S2 
formation. Arrowheads in SI indicate cross-cut ends of CMF bundles, 
small arrows in S2 indicate bead-like structures (hemicellulose-lignin 
modules, HLMs) surrounding the CMF bundle, i Radial plane parallel 
to CMF bundle at later stage of S2 formation, after mild removal of 
lignin. Most of the bead-like structures in S2 disappeared with lignin 
removal, while cross-cut ends of CMF bundles in SI {arrowheads) were 
retained, j Enlarged image of a part of i. Fine structure of hemicellulose 
with nodes {small arrows) are observed, and CMF bundles are hidden 
behind them. Bars a-c, 20 pm; d-f, h, i, 300 nm; g, j, 100 nm 


Table 1 . Dimension, density, and volume of unit composite [CMF bundle + HLM], CMF bundle, and HLM in S2 


Determined or estimated item 


(1) Length of tubular HLM and covered CMF bundle 

(2) Cross-sectional area of [CMF bundle + HLM] 

(3) Width of [CMF bundle + HLM] 

(4) Volume of one [CMF bundle + HLM] 

(5) Density of [CMF bundle + HLM] 

(6) CMF% in [CMF bundle + HLM] (= ^-cellulose content) 

(7) Density of CMF bundle 

(8) Volume % of CMF bundle in S2 

(9) Cross-sectional area of one CMF bundle 

(10) Width of CMF bundle 

(11) Cross-sectional area of one cellulose chain 

(12) Number of cellulose chains in a single CMF bundle 

(13) Number of the smallest unit CMFs in a CMF bundle 

(14) Cross-sectional area of HLM 

(15) Thickness of tubular HLM at its side 


Value Procedure or explanation 


16 ± 2 nm 

From previous works 5,6 , see text 

309 ± 18 nm 2 

From FE-SEM micrograph (Fig. Id), see text 

17.6 ± 0.5 nm 

Cross section was regarded as square, see text 

4944 ± 288 nm 3 

(1) x (2) 

1.45 g/cm 3 

Density of S2-rich fiber suspended in CCL-dioxane 

46.1% 

O'-Cellulose content was regarded as CMF content 

1.52 g/cm 3 

Density of a-cellulose suspended in CCk-dioxane 

44.0% 

(6) x (5) / (7) 

136 ±10 nm 2 

(2) x (8) 

11.7 ± 0.4 nm 

Cross section of CMF bundle was regarded as square 

0.317 nm 2 

From the lattice parameters of cellulose crystal Ip 

429 ± 32 

(9) / (11) 

12 

It was assumed that one rosette produces 36 cellulose chains 

173 ± 9 nm 2 

(2) - (9) 

3 ± 0.5 nm 

[(3) - (10)] / 2 


CMF, Cellulose microfibril; HLM, hemicellulose-lignin module; FE-SEM, field-emission scanning electron microscopy 
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Table 2. Quantitative estimation and deduction about hemicelluloses and lignin in HLM 

Determined or deduced item Value Procedure or explanation 


(16) Volume of HLM 

(17) Weight of HLM 

(18) Content of lignin in [CMF bundle + HLM] 

(19) Content of hemicellulose in [CMF bundle + HLM] 

(20) Weight of lignin in HLM 

(21) Weight of a C 6 -C 3 unit in (5-0-4 polylignol 

(22) Number of lignin C 6 -C 3 units in HLM 

(23) Weight of hemicellulose in HLM 

(24) Ratio of mannan to xylan (~ ratio of hexosan to pentosan) 

(25) Weight of galactoglucomannan in HLM 

(26) Weight of arabino-4-O-methylglucuronoxylan in HLM 

(27) Weight of hexose unit C 6 H 10 O 5 in galactoglucomannan 

(28) Weight of penose unit C 5 H 8 0 4 in arabinoglucuronoxylan 

(29) Number of hexose units in HLM 

(30) Number of mannan chain fragments included in HLM 

(31) Number of pentose units across the HLM 

(32) Number of xylan chain fragments across the HLM 

(33) Density of lignin in HLM 

(34) Volume of lignin in HLM 

(35) Volume of hemicellulose in HLM 

(36) Volume ratio of lignin to hemicellulose in HLM 


2768 ± 150 nm 3 

(14) x (1) (Average length of HLM along CMF: 16 nm) 

3864 ± 210 ng 

(4) x (5) x [100% - (6)] 

32.10% 

Determined by UV absorbance of S2-rich fiber, see text 

21.80% 

100% - (6) - (18) 

2301 ± 124 ng 

(17) x (18) / (18 + 19) 

0.326 ng 

C 10 H 12 O 4 :196.2 g / 6.022 x 10 23 

7058 ± 380 

(20) / (21) 

1563 ± 85 ng 

(17) x (19) / (18 + 19) 

5:2 

Chemical analysis by Timell, 20-22 see text 

1116 ± 61 ng 

(23) x 5 / 7 

447 ± 25 ng 

(23) x 2 / 7 

0.269 ng 

C 6 H 10 O 5 :162.1 g / 6.022 x 10 23 

0.219 ng 

C 5 H 8 0 4 :132.1 g / 6.022 x 10 23 

4149 ± 227 

(25) / (27), hexose assumed to be in galactoglucomannan 

134 

One mannan chain, 16 nm long, includes 31 pyranose units 

2041 ±114 

(26) / (28), pentose assumed to be in arabinoglucuronoxylan 

60 

One xylan chain, 17.6 nm long, includes 34 pyranose units 

1.36 g/cm 3 

Density of periodate lignin, see text 

1692 ± 92 nm 3 

(20) / (33) 

1076 ± 242 nm 3 

(16) - (34) 

3:2 

(34): (35) 


of CMF bundles in the plane perpendicular to their orienta¬ 
tion are observed in a honeycomb-like distribution (Fig. 
Id). The cross-sectional area of one [CMF bundle + HLM], 
determined by counting the number of cut ends of CMF 
bundles in a given area, was 309 ±18 nm 2 (Table 1). 

Figure le shows the innermost surface of the tracheid 
wall at S2 formation stage, where fibrillar materials are 
depositing across the CMF bundles with nodes at crossing 
points (small arrows) in a tangential direction to the cell 
wall. Figure If shows the innermost surface of the cell wall 
after mild removal of lignin. Fine fibrillar materials (small 
arrows) crosslinking between CMF bundles remained after 
delignification. Those fibrils thinner than the CMF bundle 
in Fig. If are regarded as hemicellulose, and the thick fibril¬ 
lar materials with nodes observed before delignification 
(Fig. le) may be a kind of complex composed of hemicel¬ 
lulose and lignin anchor such as ferulic acid or oligolignols. 
Hafren et al. 11 observed similar crosslinks between CMFs 
by thin fibrils in delignified pine S2 by a combination of a 
rapid-freeze deep-etching technique and transmission elec¬ 
tron microscopy. 

Figure lg shows the radial plane parallel to a CMF 
bundle at an early stage of S2 formation. Fibrillar materials 
(small arrows) crosslink the CMF bundles with nodes at 
crossing points. Those nodes grow to bead-like modules 
(HLMs) surrounding the CMF bundle with average inter¬ 
vals of 16 nm in the mature S2 (Fig. lh, small arrows). Those 
bead-like HLMs in S2 disappeared after mild selective 
removal of lignin (Fig. li), and CMF bundles in S2 are 
hidden by the remaining fine hemicellulose with nodes at 
intervals similar to that of HLM (Fig. lj, small arrows). 

Thus, the CMF bundles are crosslinked by fibrillar mate¬ 
rial in tangential and radial directions perpendicular to the 
CMF bundle, and a kind of lamella structure is formed in 
these two directions (Fig. Id). Therefore, it is reasonable to 


regard the cross section of [CMF bundle + HLM] as almost 
square, with an estimated width of 17.6 ± 0.5 nm (Table 1, 
Fig. 2). Fahlen and Salmen 12 examined S2 of spruce tracheid 
by atomic force microscopy, and assumed that the cross 
section of the fiber corresponding to the unit composite 
[CMF bundle + HLM] was square with a side length around 
18 nm, which is close to the estimated width of the compos¬ 
ite in ginkgo S2. 

On the assumption that a-cellulose content can be 
regarded as the content of CMF, the cross-sectional area of 
the CMF bundle was estimated to be about 136 nm as 
shown in Table 1. Based on the lattice parameters of cellu¬ 
lose crystal I (5, lj which is dominant in S2, 14 cross-sectional 
area occupied by one cellulose chain is calculated to be 
0.317 nm 2 (Table 1). Assuming that the CMF bundle does 
not include hemicellulose or lignin inside the bundle, the 
estimated number of cellulose chains included in a single 
CMF bundle will be about 430 (Table 1). If 1 rosette syn¬ 
thesizes the smallest unit CMF consisting of 36 cellulose 

't c 

chains, a single CMF bundle in S2 corresponds to a bundle 
of the unit CMFs produced by 12 rosettes. The true shape 
of the cross section of a bundle of 12 CMFs in ginkgo S2 is 
not known. It may be almost square as observed in the cel- 

lulose of Valonia macrophysa , or parallelogram and hex- 

1 1 

agonal as observed in the cellulose of Halocynthiapapillosa. 
The 3D organization of CMFs in delignified radiata pine S2 
was investigated by a new approach employing dual-axis 
electron tomography, and no regular cross section of a 
“CMF cluster” was reported. 18 To draw further deductions 
about the shape and thickness of tubular HLM in ginkgo 
S2, we tentatively presumed that the cross section of the 
CMF bundle is almost square with its side width about 
12 nm (Table 1). 

It is noted that the theoretical density of the cellulose 
crystal 1/3 is 1.63, while the density of ginkgo a-cellulose was 
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Radial 




2 ± 3 nm 


Cell axis 
30° 



(Cross section: 

136 ± 10 nm 2 ) 

Galacto- 
glucomannan 

m Arabino-4-O- 
methylglucurono- 
xylan 


16 ± 2 nm 


Lignin 

Hemicellulose- 
lignin module 

(HLM) 

16 ± 2 nm 


18 ± 1 nm 


Fig. 2. Simplified speculative view of the assembly process (from top 
to bottom) of CMF bundle, hemicelluloses, and lignin with their 
approximate estimated sizes in S2 


1.52, which is the same as the determined density of micro¬ 
crystalline cellulose (Merck) and the G-layer isolated from 
tension wood of Quercus acutissima. This value suggests 
that 7% excess volume of a-cellulose compared with that 
of cellulose crystal 1(5 may be occupied by low-density dis¬ 
ordered cellulose chains and low-density crystal la at the 
outer part of the CMF in addition to disordered aggrega¬ 
tion regions between the individual CMFs in the bundle. It 
is not clear whether hemicellulose is involved inside the 
CMF bundle in ginkgo, but thin fibrils sometimes liberated 
from larger bundles join another bundle (Fig. le, arrow¬ 
heads), and these fine fibrils associated with hemicelluloses 
(probably with glucomannan, as shown in Fig. 3a) may be 
partly included in the a-cellulose prepared in this 
experiment. 

From the estimated cross-sectional area of [CMF bundle 
+ HLM] and CMF bundle, the volume and weight of one 
tubular HLM can be deduced (Table 2). The weight of 
lignin and hemicellulose in the HLM was calculated as 
2301 ng and 1563 ng, respectively, from the experimentally 
determined content of lignin and cellulose. From the theo¬ 
retical weight of a C 6 -C 3 monolignol unit in (5-0-4 linked 
polylignol, it can be deduced that one HLM contains about 
7000 C 6 -C 3 lignin monomer units (Table 2). 

Based on the results of chemical analyses of the major 
hemicelluloses in ginkgo wood, 20 22 the approximate ratio of 
galactoglucomannan to arabino-4-O-methylglucuronoxylan 
is about 5:2, and the weight of the hemicelluloses in HLM 
can be estimated. It is deduced from the theoretical weights 
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Fig. 3. a Simplified hypothetical cross-sectional view of the assembly 
mode of cellulose, lignin, and hemicelluloses in S2. b Possible mecha¬ 
nism of fusion of growing HLMs at their contact boundaries by forma¬ 
tion of 5-5', and 4-0-5' linkages between growing polylignol chains. It 
was assumed that the lignin aromatic rings are statistically parallel to 
the cell wall surface (perpendicular to the page) 


of single hexose and pentose units that one HLM contains 
about 4000 and 2000 of these monosaccharide units, respec¬ 
tively, as the main monomeric units of galactoglucoman¬ 
nan and arabino-4-O-methylglucuronoxylan, respectively 
(Table 2). 


Assembly of hemicellulose and CMF 

It has been shown by immunological labeling that the matrix 
that deposits on the CMF during the S2 formation stage 
of a sugi tracheid contains glucomannan and xylan. 23,24 
However, it is not yet known how galactoglucomannan 
and arabino-4-O-methylglucuronoxylan participate in the 
deposition process of CMF bundles and crosslinking of 
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the bundles in differentiating S2. Model experiments on the 
association of hemicellulose and CMF have been carried 
out by formation of bacterial cellulose in the presence of 
acetyl glucomannan or glucuronoxylan as observed by 
immunogold labeling. ’ Glucomannan may play a role 
mainly in controlling the aggregation of CMF by associating 
with the nascent CMF, while glucuronoxylan associates 
locally with some intervals. ’ In delignified fiber secondary 
wall of beech, globular materials have been observed on 
CMFs, and the globular material was removed by treatment 
with xylanase. Those observations suggest that arabino-4- 
O-methylglucuronoxylan may play an important role in 
periodical formation of tubular bead-like HLM on the CMF 
bundle. 6 ’ 7 

Assuming that the main chains of galactoglucomannan 
and arabino-4-O-methylglucuronoxylan penetrate HLM in 
their most extended linear state, 31 and 34 pyranose rings 
of about 0.52 nm long may exist in the HLM in a direction 
parallel to CMF (16 nm) or a perpendicular direction to 
CMF (17.6 nm), respectively. Then the number of galacto¬ 
glucomannan chain fragments included in HLM will be 
about 134 (Table 2), which is 1.6 times larger than the 84 
cellulose chains at the outermost part of the CMF bundle. 
Galactoglucomannan may associate with cellulose mostly at 
the surface of a CMF bundle, partly at the surface of thin 
CMF included in the bundle 25 and partly on the branch 
CMFs that interconnect two bundles as seen in Fig. le 
(arrowheads) and illustrated in Fig. 3a. On the one hand, 
the number of arabino-4-O-methylglucuronoxylan chain 
fragments penetrating a HLM will be about 60 (Table 2), 
and these chains may surround four sides of a CMF bundle 
as shown in the simplified speculative view, Figs. 2 and 3. 

The length of the main xylan chain estimated from the 
structure of arabino-4-O-methylglucuronoxylan in ginkgo 
(number-average polymerization degree, DP = 185, 
xylose rarabinose:acid = 180:2:3) 21 is around 94 nm, which 
is long enough to penetrate through five units of [CMF 
bundle + HLM] in its extended linear state. On the other 
hand, the estimated main chain length of galactoglucoman¬ 
nan (DP = 96, mannose:glucose:galactose = 72:20: 4) 22 is 
around 48 nm, and that may be too short to crosslink more 
than two CMF bundles. It has been suggested that ferulate 
on arabinoxylan plays a role as initiation or nucleation sites 
for lignification in grasses. 28,29 In ginkgo, a bundle of about 
60 arabino-4-O-methylglucuronoxylan chains crosslinking 
between CMF bundles in the radial and tangential direc¬ 
tions at about 16-nm intervals may play a similar role in 
lignification of ginkgo S2 as shown in Figs. 2 and 3b. 

Assembly of hemicellulose and lignin in HLM, and 
possible fusion of HLMs at their surface 

When cross sections of the composite [CMF bundle + HLM] 
and CMF bundles are assumed to be square, the thickness 
of the tubular HLM will be about 3 nm at its side (Table 1, 
Fig. 3a). Information on the densities of lignin will provide 
further quantitative deduction on the assembly mode of 
lignin in HLM. However, it is difficult to directly determine 


the real density of protolignin in the cell wall because the 
protolignin exists as a compact lignin-polysaccharide 
complex. The density of isolated lignin such as dioxane 
lignin (1.278 g/cm 3 ) 30 is much lower than that of periodate 
lignin (1.350 g/cm 3 ), 30 which retains its original macromo- 
lecular structure. Employing the density of sugi periodate 
lignin prepared by an improved procedure, the ratio of the 
space occupied by lignin and hemicelluloses can be esti¬ 
mated to be about 3:2 (Table 2). The most abundant inter¬ 
unit linkage in ginkgo protolignin is (5-0-4, 4 and a study 
employing a ^-O-4-linked oligolignol structural model indi¬ 
cates that the linear chain is folded so that the aromatic ring 
planes are nearly parallel when this compound occurs in the 
most compact state. 1 The estimated distance between two 

't 

aromatic ring planes is about 0.3-0.4 nm. Raman micro¬ 
probe spectra from the secondary wall of spruce showed 
that the protolignin aromatic rings are parallel to the cell 
wall surface. 32,33 This suggests that lignin occupies about 
60% of the side space of HLM. Five to seven lignol units 
probably folded at 0.3-0.4 nm may occupy about a 1.8- to 
2.4-nm-thick space of the side (about 3 nm) of HLM as 
illustrated in the simplified speculative view of Fig. 3a. 

If an initiation point for polymerization of lignols is a 
kind of phenolic acid such as ferulic acid bound on xylan 
(Fig. 3b, A) as in grass lignin, 28,29 the folded polylignol chain 
will grow in a radial direction keeping the parallel orienta¬ 
tion of aromatic rings toward the interspace between two 
CMF bundles (Fig. 3b, B). When two growing ends of 
polylignol chains are forced into contact, 5-5' or 4-0-5' link¬ 
ages will be formed (Fig 3b, C and E). It is noted that 5-5'- 
linked or 4-0-5'-linked dimers of coniferyl alcohol are not 
formed from the monomer by in vitro dehydrogenative 
polymerization. 34 These types of biphenyl linkages will be 
formed only when the two growing ends are forced (partly 
by limited free rotation by lignin-hemicellulose bonds such 
as shown in Fig. 3b, F) into close proximity and supply or 
access of monomeric side chain radical is limited. If two 
growing chains meet in the same direction, 5-5' bonding can 
be followed by further addition of a monolignol to form a 
dibenzodioxocin structure (Fig 3b, D). By two-dimensional 
nuclear magnetic resonance spectroscopic analysis of Japa¬ 
nese red pine MWL, Akiyama and Ralph 35 showed that 
further addition of a monolignol after the fusion of two 
growing chains is limited to only one, so that the phenolic 
hydroxyl group of dibenzodioxocin is free. Their finding 
seems to be reasonable from the consideration that when 
dibenzodioxocin is formed by fusion of two growing HLM 
at the final stage of lignification, available space after the 
fusion will not be sufficient for further chain growth (Fig. 
3b, D). This speculative view of the lignin network forma¬ 
tion by fusion of HLM lignin by 5-5' and 5-0-4' linkages 
and by lignin-polysaccharide bonds (Fig. 3b, F) is supported 
by the observation that selective removal of cellulose and 
hemicellulose by periodate oxidation followed by hydroly¬ 
sis does not produce powdery lignin, and the periodate 
lignin retains the original morphological features of the cell 
wall. 31 Formation of condensed structure-rich lignin in an 
early stage of cell wall differentiation seems to be reason¬ 
able from the fact that the lignin in the first lignifying cell 
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corner and CML regions are globular lignin-rich modules 
and the fusion occurs at the whole surface of the randomly 
piled modules. 31 Immunolocalization of dibenzodioxocin 
substructures in the cell wall of Norway spruce 3637 support 
the above speculative view/ 1 

It should be noted that the frequency of the bond forma¬ 
tion at the boundary of HLM is lower than that inside 
HLM. Therefore, the radial section prepared under freez¬ 
ing conditions retains a bead-like modular structure by 
tearing the weak-bonded boundary between frozen HLMs 
as shown in Fig. lg,h. In an early stage of lignin deposition 
(Fig. lg), incomplete fusion of immature HLM provides a 
well-separated image of the module, while at a later stage 
(Fig. lh), densely packed modules can be observed by 
freeze-fracture using a sliding microtome equipped with a 
freezing sample stage. 

Thus, the space between CMF bundles available for 
growth of polylignol is one of the important factors control¬ 
ling lignin content and its macromolecular structure. The 
dimension of this space depends on the size, shape, and 
distance of CMF bundles, which are regulated by hemicel- 
luloses during the formation of the cell wall. 6,7 In lignifying 
SI of ginkgo, thin CMF bundles surrounded by larger glob- 
ules of HLM have been observed. DonaldsoiT reported an 
approximately linear relationship between lignin concen¬ 
tration and diameter of macrofibrils (proportional to [CMF 
bundle + HLM]) of different wood types. 


Conclusions 

Based on the information obtained by the new approach, a 
simplified speculative view of the assembly of cell wall poly¬ 
mers in ginkgo S2 was proposed as illustrated in Figs. 2 and 
3. Starting from this hypothetical view, verification and 
modification of this tentative hypothesis in the future will 
provide a correct view of the true nanostructure of ginkgo 
tracheid wall. 

The present work suggests that the cross section of the 
composite unit [CMF bundle + HLM] is almost square with 
a width of 18 ± 1 nm (Fig. 2), but the shape of the cross 
section of the CMF bundle is not known. Considering the 
possible parallelogramic or hexagonal cross section of a 
bundle of CMFs produced by 12 rosettes, we tentatively 
proposed its width as 12 ± 3 nm (Figs. 2 and 3a). Because 
the shape of the space available for lignin deposition in 
HLM depends on this cross section of the CMF bundle, its 
true shape will be one of the important research targets in 
the future. 

Based on the model experiment, it was tentatively 
assumed that aggregation of unit CMFs to form a CMF 
bundle is controlled mainly by galactoglucomannan, and 
the distance between the CMF bundles is controlled mainly 
by arabino-4-O-methylglucuronoxylan. However, the exact 
role of these hemicelluloses in the formation of CMF 
bundles and HLM in a softwood tracheid and the mecha¬ 
nism of hemicellulose deposition, especially in the radial 
direction, are not yet fully understood. Answers to those 


questions will provide clues for understanding true cell wall 
nanostructure and for control of cell wall properties by 
genetic engineering in the future. 

Properties of wood cell walls depend also on the assem¬ 
bly mode of cell wall polymers in SI and compound middle 
lamella regions. More improved approaches are necessary 
for elucidation of the whole cell wall nanostructure. 
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